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for an area where increased seepage was found in the lake. The area of largest 
estimated flux into the lake was at the shoreline in very shallow waters where seepage 
meters could not be used. 
A general application of the results suggests that care should be taken to avoid 
developing areas where groundwater discharge is taking place and the groundwater 
system is shallow, such as the Shingobee site. Construction of homes and installation 
of wells and septic systems near the shoreline may affect groundwater discharge to the 





Groundwater can be a major component in the water budget of a lake and the 
material the groundwater carries can be a substantial component in the nutrient budget 
of the lake. A lake's water budget can be determined by relating the change in 
volumetric storage to the difference between the water input and output. Groundwater 
flow may contribute to either input or output, or both, as is the case for most lakes. 
Estimating the groundwater component requires extensive instrumentation that is 
difficult to install and monitor; thus, groundwater is often considered as a residual in 
lake water budget calculations. This leads to large uncertainties in all budget 
components (Winter, 1981a). 
The purpose of this study was to investigate the variability of groundwater-lake 
interaction on a small scale. Previous works have used widely spaced instrumentation 
around the entire lake or large transects to interpret groundwater-lake interaction. This 
study, however, looks at a small section of lakeshore between two known springs to 
examine the variability of hydraulic properties that control groundwater-lake system 
interaction. The hydraulic properties of the lake and groundwater system examined 
include water level, hydraulic gradient, hydraulic flux, hydraulic conductivity, specific 
conductance, temperature, and seepage through the lakebed. The hypothesis of this 
study is that small-scale variability will reflect large-scale variability of groundwater-
1 
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lake interaction as predicted by earlier studies. The discharge to the lake was 
hypothesized to be concentrated with the majority of the flow at a few points on the lake 
bottom and not necessarily at the shore. This is contrary to previous work that indicated 
that flow to the lake is concentrated at the shore of the lake and decreases as you move 
toward the center of the lake. The idea that flow would be concentrated in areas of the 
lakebed was due in part to the presence of a large number of springs and also that 
previous work was done in transects. This study looked at the site in three-dimensions, 
and it was believed that this would show more variability than previous studies. 
Shingobee Lake, a small (66 ha) spring-fed lake in north-central Minnesota, was 
selected because it is a key study site for an ongoing investigation of the U.S. 
Geological Survey (USGS) Interdisciplinary Research Initiative (IRI). The purpose of 
the IRI, established in 1987 by a group of USGS and other scientists, is to gain 
knowledge of how atmospheric water, surface water, and groundwater function as an 




Groundwater - lake interaction research aims to develop an understanding of the 
controls on a lake water budget and surface water quality. Early numerical studies, in 
particular, revealed the theory and mechanics of groundwater-lake interaction (Winter, 
1976 and 1978). More recently the results of this work have created interest to field 
verification (Cherkauer and Nader, 1989; Cherkauer and Zager, 1989). Seepage meters 
and shallow piezometers have been used to measure groundwater flux across the 
lakebed. The accuracy of these devices has been tested in previous research (Shaw and 
Prepas, 1990a, 1990b, Belanger and Montgomery, 1992) and new techniques to study 
the interaction have been suggested (Rosenberry et al., 2000) 
Research by T.C. Winter 
Winter (1976 and 1978) used numerical methods to model groundwater-lake 
interaction in two-dimensional vertical profiles. Parameters examined in these studies 
included water table configuration, lake levels, lake depths, aquifer positions, the ratios 
of horizontal to vertical hydraulic conductivity in surrounding material, and how each 
of these affect the location and strength of the stagnation point (Winter, 1976 and 1978). 
The stagnation point is defined by Winter (1976) as a point in a two-dimesional flow 
field at which vectors of flow are equal in opposite directions and therefore cancel. 
This value of hydraulic head relative to the hydraulic head of the lake at the stagnation 
3 
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point is of prime interest in understanding the interaction of lakes and groundwater. If a 
stagnation point exists that has a head greater than that of the lake level, a continuous 
groundwater divide exists beneath the lake making it impossible for water to move 
against the hydraulic gradient from the lake to the groundwater system. The position of 
the stagnation point is determined by the distribution of head within the groundwater 
system. The later work by Winter (1978) looked at the problem within a steady state 
system and in three dimensions. In three dimensions the stagnation point is no longer a 
point, but is a zone and defining areas of inflow and outflow will be problematic 
(Winter, 1978). These early works of Winter (1976, 1978) showed the general 
principles of groundwater-surface water interaction and set forth the theoretical basis 
for the study of groundwater-lake interaction. 
Application of Modeling to Field Settings 
Winter (1981b) investigated the configuration of the watertable and how it 
affected seepage through the lakebed. This again was concerned with the stagnation 
point and its effect on determining seepage into and out of the lake bed. In later work, 
Winter (1983) examined the interaction oflakes with variably saturated porous media. 
By considering water movement in the unsaturated zone, groundwater recharge and the 
effect on head distribution were characterized theoretically. 
Using a lake in Wisconsin, Munter and Anderson (1981) compared results from 
two- and three-dimensional flow analysis for estimating seepage values. Anderson and 
Cheng (1993) studied lake and groundwater interaction as a transient system, including 
short term changes in precipitation and seasonal groundwater mounds. These results 
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were based on ten years of piezometer field data. Cheng and Anderson ( 1993) 
developed a lake package for the groundwater flow modeling code MODFLOW 
(McDonald and Harbaugh, 1988), using evaporation, precipitation, stream flow, and 
groundwater fluxes to show changes in lake storage. Later, Cheng and Anderson 
(1994) used flow-through lakes to investigate the affect of water table position on 
groundwater flux. They again used precipitation, evaporation, and groundwater fluxes 
to calculate lake level fluctuations and groundwater flux for both transient and steady 
state conditions. A lake in Wisconsin was selected to provide realistic thicknesses and 
hydraulic conductivities for the model. 
Pfannkuch and Winter (1984) examined the geometric configuration of the lake 
and of the groundwater system interacting with the lake were examined using 
conductive-paper electric-analog models. The geometric configuration was quantified 
as the width-ratio (WR), which is defined as the ratio of half-lake width to the thickness 
of the groundwater system. Most of the settings examined had lakes which did not 
penetrate the groundwater system. These settings are typical of shallow lakes with 
inflow seepage from all sides, found in glacial terrain. Two dimensional flow nets 
divided into ten flow tubes of equal width modeled the system. The tubes were shown 
to bend upward as they approach the lake. The flow tubes were narrower near shore 
and became wider toward the center of the lake, which results from less variation in the 
distribution of head under the lake. This widening of flow tubes showed that flow 
decreased with distance into the lake. Pfannkuch and Winter (1984) found that as the 
WR increased the flow tubes changed from evenly distributed across the lakebed toward 
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crowding of flow tubes near shore. Winter and Pfannkuch (1984), in a closely related 
paper, expanded their study to the entire lake basin. They used numerical analysis to 
study the effect of variable anisotropy for several lake-groundwater settings. 
Field Studies and the validity of methods and models 
The focus of most groundwater - lake interaction studies has been on how 
groundwater flows into the lake. McBride and Pfannkuch ( 197 5) used a mathematical 
model to find the head distribution and seepage in a lake, and checked the validity of 
the model results by using seepage meter data. They found that most of the seepage 
into and out from the lake was concentrated at the shore. Mini-piezometers and seepage 
meters provided an affordable and simple method to investigate groundwater levels and 
seepage in a lakebed (Lee and Cherry, 1978). 
With the new methods for the study of groundwater - lake interaction, research 
could be performed more easily and efficiently. To understand the contribution of 
groundwater in a lake's budget, Kenoyer and Anderson (1989) installed piezometers, 
analyzed slug tests to estimate hydraulic conductivity, and monitored water levels 
monthly. Seepage meters were used to determine the seepage flux. 
To test the physical principle that groundwater discharge rate to a lake decreases 
exponentially toward the center of the lake, Cherkauer and Nader (1989) measured 
groundwater seepage to Lake Michigan over large distances and with large spacing of 
the seepage meters. The observation that seepage decays exponentially with distance 
from the shore relies on the assumption that the sediments beneath the lake are laterally 
homogenous, and that changes in hydraulic properties are restricted to variations in 
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hydraulic conductivity across contacts between geologic units that are continuous 
beneath the lake (Cherkauer and Nader, 1989). 
Cherkauer and Nader (1989) found three general types or patterns of seepage. 
The first pattern showed a decrease in flux toward the center of the lake, as the simple 
models suggest. The second was opposite and showed an increase in seepage, and the 
third was a combination of the two: an initial decrease and then an increase in seepage. 
They determined that the anomalous seepage measurements were due in part to 
heterogeneity in the thickness of glacial sediment overlying the fractured dolomite 
aquifer. The size of the lake and the seepage meter spacing was also cited as a reason 
for the observed variation. 
Cherkauer and Zager (1989) used a field study to check the predictions of a 
digital simulation of groundwater-lake interaction. The field study was performed on a 
kettle hole lake that fully penetrated the aquifer beneath using piezometers, domestic 
wells, and seepage meters. They used flow net analysis to calculate groundwater flux, 
and concluded that simulations were a useful tool in understanding water exchanges 
between lakes and groundwater. 
Shaw and Prepas (1990a) used a stochastic approach to evaluate the factors 
affecting the ability of seepage meters to accurately identify seepage patterns and to 
quantify groundwater-lake flux. They found that a large groundwater flux was 
concentrated near shore and decreased a short distance into the lake. Longer transects 
of seepage meters in the lake, however, revealed increasing seepage with distance from 
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shore. They believed this was caused by heterogeneity of lake sediments (Shaw and 
Prepas, 1990b ). 
The concept that groundwater discharge is concentrated at the shore is seen in 
many of the works, and is graphically represented by Figure 1. 
Rosenberry et al. (2000) combined both physical and ecological methods for 
identifying areas of groundwater discharge into Shingobee Lake. The first ecological 
method showed that an absence of near-shore floating-leaf and emergent aquatic 
vegetation revealed areas of lake bed groundwater discharge. The second ecological 
method used the presence of marsh marigold ( Caltha palustris L.) to locate areas of on-
shore groundwater discharge (Rosenberry et al., 2000). Seepage meters and a portable 
weir were used to quantify discharge. The method using marsh marigolds identified 
twice as many springs as the first method. 
Constant head 
Groundwater flow line 











































































LOCATION AND GEOLOGICAL SETTING 
Shingobee Lake (Figure 2) is approximately 3 kilometers east of Akeley, in 
Hubbard County, Minnesota. Most of Shingobee Lake lies within the USGS Akeley 
7.5-minute quadrangle, while the southern portion of the lake is on the Crystal Lake 
7.5-minute quadrangle. The approximate topographic relief shown on the Akeley 
Quadrangle is 125 meters (410 feet) with the highest point on the Itasca Moraine to the 
north and the lowest point in the valley of the Shingobee River. The study site is 
adjacent to and northwest of County Road 83, along the southeastern shore of 
Shingobee Lake. Northwest of the road the land gently slopes to the lake at an 
elevation of 405 m (1329 ft); southeast of the road the land rises sharply to over 426 m 
(1400 feet) within a horizontal distance of 100 to 225 meters (200-800 feet). 
Shingobee Lake is within the Itasca/St. Croix moraine interlobate physiographic 
region (Mooers and Norton, 1997). During Late Wisconsin glaciation, the Hewitt 
phase of the Rainy Lobe covered this area and deposited an ice marginal moraine south 
of the study site, known as the Alexandria moraine. The age of this event is believed to 
be between 26 ka and 20.7 ka (Mooers and Lehr, 1997). During the glaciation of this 
area, tunnel valleys developed that discharged subglacial melt water. An integrated 
drainage network consisting of large, kilometer-wide surface channels and chains of 
ice-walled lake plains connected by rivers served as drain ways for glacial meltwater. 
10 
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Figure 2. Location of the study area and major moraines in central Minnesota. 
Modified from Mooers and Norton (1997). 
12 
Numerous north-south-trending, subglacially carved tunnel valleys are now 
expressed as long valleys, often containing chains oflakes (Mooers and Norton, 1997). 
Shingobee Lake is part of a chain of lakes that were part of one tunnel valley. At the 
end of the Hewitt Phase the glacier ice outran its accumulation and stagnated (R. C. 
Melchoir, pers. comm., 1999). Ice blocks that fell from the tunnel roofs into the 
outwash of these tunnels created the chain of lakes, including Shingobee (R. C. 
Melchoir, pers. comm., 1999). During the Itasca Phase at its maximum extent 15.5 -
16.5 ka, two lobes stabilized on the north and east edge of this area, creating the Itasca 
moraine to the north and the St. Croix moraine to the east (Mooers and Norton, 1997). 
The Itasca moraine crest turns southwest and trends along the west side of Shingobee 
Lake (Mooers and Norton, 1997). The tunnel valley of the Hewitt phase seems to have 
divided these two younger lobes. Subglacial water draining from the glacier may have 
kept the area free from sediment during this time (R. C. Melchoir, pers. comm., 1999). 
The fine-grained sediment of the Shingobee Lake area may be indicative of an 
ice-marginal lake (Mooers and Norton, 1997). These deposits become coarser with 
depth. Near the site of this study the uppermost fluvial deposits are fine sands with 
some silt units (Winter and Rosenberry, 1997). Only the glacial sediment near the 
surface was observed in the course of this study. Much of the sediment is likely to be 
reworked glacial deposits produced by erosion and subsequent deposition in and 
adjacent to the lake. Up to one meter of recent organic-rich deposits overlie the 
reworked glacial sediments. Locke and Schwalb ( 1997) studied the lake stratigraphy in 
a transect at the southeastern shore of Shingobee Lake and showed up to 10 meters of 
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marl and sandy lake sediments overlie glacial sediments. Figure 3 presents stratigraphic 
data from Winter and Rosenberry ( 1997) and Locke and Schwalb ( 1997) from test holes 
near Shingobee Lake and from the lakebed, respectively. From Winter and Rosenberry 
(1997) data from two test holes are shown (Figure 3). The first, identified as Mabel, is 
located on the northeastern side of Shingobee Lake approximately 600 meters northeast 
of the study site. The second, identified as T4, is located south of the lake and is 
approximately 400 meters south-southeast of the study site. Locke and Schwalb ( 1997) 
took sediment cores from the southeast shore of Shingobee Lake, the sediment 
stratigraphy for distances of 10 and 30 meters from shore are shown in Figure 3. 
McMiller et al. ( 193 5) described the soils present along the eastern shore of 
Shingobee Lake. The site lies within the Kinghurst loamy sand. McMiller et al. (1935) 
did not provide a description of the Kinghurst series, but stated that it is similar to the 
Menahga loamy sand except for boulders scattered on the surface and through the soil 
of the Kinghurst. McMiller et al. ( 193 5) described the Menahga series on page 23: 
"Surface soil is covered with litter consisting of pine needles and partly 
decayed leaves of scrub hardwoods and various shrubs. Beneath this litter the 
I-inch surface layer consists of dark-gray loamy sand containing a small 
quantity of decomposed organic matter, which in tum grades into a 3-inch layer 
of light-gray structureless loamy sand. Below this is another layer, ranging from 
10 to 14 inches in thickness of dark yellowish-brown structureless sand grading 
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Figure 3. Stratigraphy of Shingobee Lake and vicinity. Modified from Winter and Rosenberry ( 1997) for the near 




To obtain data on vertical and horizontal hydraulic gradients near the springs at 
the study site, 140 piezometers were installed in a 120 square meter area. Additional 
drive point piezometers were installed to characterize hydraulic head southeast of the 
site (Figure 4). Seepage meter data were collected to complement estimates of 
groundwater flux determined from hydraulic gradients and conductivity. Temperature 
and electrical conductivity of groundwater were also measured using the piezometers. 
Installation of Piezometers 
Between the fall of 1998 and the spring of 1999, three metal piezometers 
(referred to as DP-1, DP-2, and DP-3) were installed at the site (Figure 4, and Table 1 
which shows piezometer specifications). The piezometers in a rectangular array were 
patterned after the design described by Lee and Cherry ( 1978) and constructed from two 
cm (%-inch) inside diameter CPVC and wooden dowel plugs. Each three-meter (ten 
feet) length of CPVC was cut to one of three lengths: one, one and a half, or two meters. 
A wooden dowel was beveled on one end to fit into the CPVC. The other end was 
shaped into a point and used in the piezometer to make driving easier and to prevent 
plugging. The point on each piezometer was three cm in length and the screen was 
slotted with a jeweler saw. Five slots were spaced over three centimeters on two sides 
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Figure 4. Instrumentation and other important features at the Shingobee Lake site. 
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Piezometer id# Diameter Length 
Shw-22 5 cm (2 inch) 16.5 m 
Shw-14 5 cm (2 inch) 4.3m 
Drive point #1 3.2 cm (11/4 inch) 3.9m 
Drive point #2 2 cm (3/4 inch) 2.4m 
Drive point #3 3.2 cm (1 1/4 inch) 2.4m 
Piezometersc 2 cm (3/4 inch) vanes 
a Elevation at the top of the piezometer. 








c Piezometers installed at the site, at depths of 0.5 and 1.0 meters. 
Table 1. Piezometer Information 
Screenb 
Unknown 





Piezometers were installed during late May and early June 1999 by gently 
pushing the point into the sediment until firm resistance was encountered. A maul was 
used to finish driving the piezometers to the desired depth. At each point at the site 
(Figure 4 ), piezometers were installed at depths of one half meter and at one meter 
below the ground surface or lakebed. 
Arrangement ~f the data collection sites 
The piezometer nests in the grid were located using a tape. Occasionally, the 
exact location found by measuring had to be changed by a few decimeters to avoid 
stumps, sunken and buried logs, and other debris in and near the shore of the lake. The 
140 piezometers were placed at 70 locations in a 5-column by 14-row rectangle, with 
the longer side perpendicular to the lakeshore (Figure 4). The columns were 
perpendicular to shore and spaced two meters apart. The rows were parallel to shore 
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and spaced one meter apart on-shore and two meters apart farther out in the lake (Figure 
4). In this study a piezometer site is referred to by two numbers, (e.g. 9-3 refers to 
column nine, row three). 
After the installation each piezometer was developed by surging with a ramrod 
fashioned from 1.3 cm (Y2 inch) diameter CPVC pipe with a wooden tip. With the 
ramrod the water was forced through the screen and also out the top of the piezometer. 
Survey 
A metal fence post was driven into the shore near the two metal piezometers 
(DP-2 and DP-3) and used as an elevation benchmark, a second fence post was driven 
into the lake to gage the lake level (Figure 4). On the first day of measurements, the 
lake level elevation was determined by measuring the length of the fence post above the 
water level. This lake level was given an arbitrary initial value of 405.08 meters (1329 
feet) above sea level and was taken from the elevation of Shingobee Lake found on the 
USGS Akeley quadrangle 7.5 minute series map. 
On 6/2/99, which was the first day of water level measurements, the piezometer 
riser tops were surveyed (Appendix I) using a TOPCON AT-1 auto-level. The 
elevation of the lake was referenced to the initial value on that day by measuring the 
length of fence post above the water. The benchmark ( fence post) on shore had been 
assigned an arbitrary value of 100 feet (all survey data were in English units). Using 
the elevation of the lake gage and the lake level, the elevation of the benchmark and all 
of the piezometers were surveyed and referenced to the lake level. The piezometers in 
the lake and those added later were measured in an indirect method. The distance from 
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the top of the new piezometer to the lake level (riser height) was measured during calm 
conditions. By adding the riser height to the lake level for that day, the elevation of the 
new piezometer riser top was found. 
Water Level Measurements 
An electronic water level probe was used to determine the depth to water in each 
piezometer, starting on 6/2/99. The depth to water was taken in English units and then 
converted to metric. This value was subtracted from the elevation at the top of the 
piezometer to find the elevation of water level. Water level elevations were measured 
on ten separate dates (Appendix II). Only one set of data is used in the discussion and 
results. The data set chosen (8/21/99) was close to the dates that temperature and 
specific conductance data were collected. 
The variation in water levels of individual piezometers (Appendix III) is small 
throughout the duration of the field study. The variation of water levels in the first part 
of the study period was probably due to inadequate development of the piezometers. 
Some of the piezometers required several purges and some priming to flush fine 
sediment from the screens. The later variations may have been related to precipitation 
and difference in the response times of the piezometers. In a few cases when the water 
was purged from the piezometers it would take a day for the water level to equilibrate. 
After 6/24/99, most of these irregularities had disappeared. One piezometer (3-13, one 
meter depth) was removed from the data set because it was probably driven into a 
buried log. Water level changes in 3-13 were very slow so an average water level of the 
four surrounding piezometers is used in subsequent analyses (405.4 m). 
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Seepage 
Seepage meters were supplied by the USGS and used twice to measure lakebed 
seepage (Appendix IV). The first was conducted on 6/1/99 through 6/3/99 using three 
different styles of seepage meters. On 6/1/99 the three different seepage meters types 
were installed. Two were constructed from the top of a 55-gallon steel drum; one set 
was 44 cm tall and the other set 15 cm tall. Another 12 seepage meters were created 
using 31 cm diameter plastic waste paper baskets that were about 36 cm tall. 
Rosenberry et al. (2000), at Shingobee Lake using the same seepage meters that 
were used in this study, assumed seepage meter accuracy of± 50% for their 
measurements. They used a correction factor of 1.4 for the seepage meter results. This 
correction factor of 1.4 was applied to all seepage meter values found in this paper 
(D.O. Rosenberry, pers. comm., 2000). 
The seepage meters were placed at all five column locations for rows three, five, 
and seven. Measurements were taken twice on 6/2/99 and a third time on 6/3/99. The 
first set of seepage data on 6/2/99 was not used because the collection bags were 
allowed to remain on the seepage meter for too long a time. 
The second run was conducted using only the plastic wastebaskets, which were 
much easier to install, test, and remove. The seepage meters were placed in the lakebed 
on the morning of 8/14/99. Twelve were placed in columns three and five in six of the 
rows (5, 3, 1, -1, -3, and-5) (the negative values indicating the number of meters 
farther into the lake beyond the piezometer array). In June, column three showed an 
increase in seepage rates at greater distances from shore, while column five showed a 
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decrease. The seepage rates were tested on 8/17/99, 8/18/99, and 8/21/99 using only 
columns three and five. 
In this study, seepage was measured two ways. The first, described in the 
previous paragraphs, used seepage meters. Seepage was also estimated using Darcy's 
Law, based on hydraulic gradient and conductivity maps of the study site. To 
distinguish these two methods, flow estimated using Darcy's Law will be referred to as 
groundwater flux. 
Temperature 
A temperature profile of each one-meter piezometer was measured starting on 
6/12/99, and again during 7/29/99, 7/30/99, and finished 7/31/99. Profiles were started 
at 15 cm ( 6 inches) from the top of the piezometer and temperatures taken every ten cm 
(4 inches) until the bottom of the piezometer was reached. Temperatures to the nearest 
0 .1 °C were measured using a thermistor probe on a wire that could be lowered into the 
casing; all temperatures were later correlated to elevation (Appendix V). 
Conductance 
Specific conductance of the lake and groundwater was measured on 8/28/99, 
9/11/99, and 9/12/99 (Appendix VI). Water was purged from the piezometers, and then 
sampled and tested using a Hydac Conductivity-Temperature-pH Tester. The lake was 
tested by sampling the lake water surface at a piezometer location. 
Slug Tests 
Slug tests were conducted on 49 of the 140 piezometers (Appendix VII). A 
slightly larger diameter standpipe of clear plastic tubing was fitted with an adapter that 
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would allow it to be connected directly on top of the piezometer. A slug of water was 
poured into the standpipe and piezometer. The rate at which the water level in the 
standpipe dropped was estimated by marking the level in the standpipe at specific time 
intervals. After timing and marking was complete, the standpipe was removed and the 
marks measured and recorded. 
The slug tests were evaluated using the Hvorslev's case G for basic time lag 
(Hvorslev, 1951). Hydraulic conductivity (Kh = horizontal, Kv = vertical) was assumed 
to be isotropic so the m term in the equation, which is equal to -JKsi!Kv , equaled one in 
this case. Estimates of hydraulic conductivity were obtained from Hvorslev's (1951) 
formula: 
_ d2 -ln[~+~] 
Kh-~~~~~~~~~-
8·L·T 
d = diameter, standpipe riser 
D = diameter, piezometer and screen 
L = length, screened intake 
T = basic time lag ( time for recovery to reach 3 7%) 
To estimate T, plots of time versus piezometric head for every slug test were 
produced. Two examples of these plots and their analysis, along with all results are 
given in Appendix VII; these plots show that the 3 7% lag was obtained by 
extrapolation. Only 14 of the 49 slug tests reached the 3 7% lag without extrapolation. 
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Hydraulic Flux Computation 
Horizontal flux was calculated using Darcy's Law for each non-edge 
piezometer. The two-dimensional vector representing the gradient at each non-edge 
piezometer was calculated using a FORTRAN 77 program (Appendix VIII). With the 
gradient data and zoned hydraulic conductivity estimates, Darcy's Law was used to 
generate a value of horizontal flux (Appendix IX), which is shown as a vector. The 
vertical flux (Appendix IX) was calculated using the vertical gradient data and the 
zoned conductivity data and then contoured. 
CHAPTER V 
RESULTS AND DISCUSSION 
Water level measurements from the piezometers during the summer of 1999 
were the main source of data used to interpret groundwater-lake interaction. 
Measurements of seepage, hydraulic conductivity through slug tests, temperature, and 
specific conductance provided correlative data. All of the contour maps produced in 
this work were created using Surfer; the data were contoured with a Kriging method 
with a spherical variogram model (Golden Software, Inc, 1995). 
Water Levels 
Figure 5 shows water elevation, ground elevation, and elevation at the midpoint 
of the screen for column one piezometers, drive points, (9/11/99) and data from two 
USGS piezometers (9/13/99). Two USGS, the three drive point, and column one 
piezometers (Figure 5 and 6) show the relationship between groundwater head and lake 
water elevation. The water elevation rises above the ground elevation, indicating 
artesian flow. Seeps and springs occur at this location, three to five meters from the 
lakeshore. 
All water elevations are above the lake, indicating groundwater movement 
toward the lake. The highest water levels in the one half meter piezometers are on the 
shore at row 16, with the lowest found in the lake at row eight (Figure 7). Along row 
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Figure 7. Water levels for the one half meter depth piezometers on 8/21/99. Lake 
elevation 404.9 m. 
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elevation (Figure 7). The water levels increase toward 9-1. The water level contour 
map for one meter depth piezometers (Figure 8) shows a trend of decreasing elevation 
toward the lake. It should be noted that generally the elevations for the one meter 
piezometers are higher than the elevations for the one half meter piezometers, but there 
are small areas where this is reversed. 
Hydraulic Gradient 
Vertical hydraulic gradient maps indicate whether groundwater flow was 
upward or downward (Figures 9 and 10). On-shore the general trend is for a slight 
upward gradient along row 16 and at the lakeshore and for downward gradient in-
between. In the lake the trend is for upward and neutral gradients with three areas of 
strong upward gradient at 1-8, 5-8, and 9-3 (Figure 9). In contrast to the strong upward 
gradients along row eight, at 7-8 a neutral gradient is indicated (Figure 9). The vertical 
gradient between the half-meter piezometers and the lake shows almost opposite 
conditions from the deeper gradients. In rows two through six where neutral and slight 
upward gradient is observed at depth, there is a shallow stronger upward gradient. 
Along row eight, where strong upward deeper gradients occur, there is only a slight 
upward gradient. At 7-8, where neutral gradients occur at depth (Figure 9), strong 
upward gradients are apparent. 
Two nests show downward gradient between the one-meter and one half meter 
piezometers (Figure 9, nest 7-8 and 7-3). Water level elevations in all piezometers are 
above the elevation of the lake, which indicate groundwater discharge to the lake 
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Figure 9. Vertical hydraulic gradient (m/m) between the one half meter and one meter 
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Figure 10. Vertical hydraulic gradient (rn/m) between the one half meter piezometers 
and the lake on 8/21/99. Larger values indicate increasing upward gradient. 
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at the site can be seen in a photograph taken in March 1999 (Figure 11 ), before the 
investigation had begun. Discharge of relatively warm groundwater near the lakeshore 
reduced ice cover. This reduced ice cover at shore was present throughout the winter of 
1999 (D.C. Hudson, pers. comm., 1999). 
Hydraulic Conductivity 
Sediment samples, collected using a hand auger after completion of groundwater 
monitoring, indicated the presence of two layers, one rich in organic material overlying 
a fine sand of unknown thickness (Appendix X). By contouring the thickness of the 
organic layer the organic layer was found not to extend below a depth of one meter 
except at nests; 3-16, 3-15, 5-16 to 5-13, 7-16 to 7-14, and 9-16 of the on-shore 
piezometer sites. The hydraulic conductivity estimates from the one half meter and one 
meter piezometers were contoured at their respective depths. The study site was then 
divided into zones based on the hydraulic conductivity estimates and material present at 
depth. It was found that areas that were in the organic material generally had a lower 
hydraulic conductivity value and so the study site was divided accordingly (Figure 12). 
The estimated values of hydraulic conductivity are not normally distributed (Figure 13). 
For this reason the hydraulic conductivity estimates were log transformed and the mean 
hydraulic conductivity of each zone computed. The results are displayed as normal 
values of Kh (Figure 12). The zone geometric means were used in the equations for the 
calculation of flux. 
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Figure 11. Near Shingobee Lake field site in March, 1999 showing reduced ice cover 
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Figure 12. Zones of geometric average hydraulic conductivity (mid) based on 
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Flux maps computed from gradient and hydraulic conductivity data show the 
movement of water in the vertical and horizontal directions (Figures 14-16). Figures 14 
and 15 show the vertical flux between the one half meter and one meter piezometers 
and the horizontal flux at both depths. The horizontal flux ranged from 4.6E-3 to 2.6 
m3/m2day. Appendix IX gives the values of vertical and horizontal flux calculated for 
the maps. Figure 16 shows the vertical flux between the one half meter piezometers and 
the lake. All three of these flux maps indicate that vertical flux is greatest at the 
lakeshore and decreases with distance into the lake, as generally noted in previous 
studies (McBride and Pfannkuch 1975; Pfannkuch and Winter 1984; Cherkauer and 
Nader 1989; Shaw and Prepas 1990a and b). The flux maps indicating flow at greater 
depths (Figures 13 and 14) show an area in the lake where this trend does not hold true. 
This area of increasing vertical flow occurs at 9-7 and lakeward along column nine. 
The flux along column nine is double the other parts of the lake bed away from the 
shore. The area oflarger upward flux at 9-3 suggests "pipe-like" upward flow of water. 
The horizontal fluxes at the one meter depth (Figure 15) are stronger beneath the lake 
than on-shore, but do not appear to follow a regular trend. On-shore the fluxes are all 
toward the lake. Beneath the lake some are oriented into the lake while others are 
directed toward the shore, with instances where the flux is parallel to the shore. Along 
column seven there is a stronger flux component directed away from the greater upward 
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Figure 14. Vertical flux (m
3
/m2day) between the one half meter and one meter 
piezometers and horizontal flux between the one half meter piezometers on 8/21 /99. 
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Figure 15. Vertical flux (m3/m2day) between the one half meter and one meter 
piezometers and horizontal flux between the one meter piezometers on 8/21/99. 



























































day) between the one half meter piezometers and lake 
on 8/21/99. 
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The map for one-half-meter depth (Figure 14) shows the same vertical flux, but 
the horizontal flux has changed. The flow onshore is toward the lake as before, but now 
significantly stronger than in the lake, especially along rows 11 and 12. The flux at row 
15 and 16 is generally toward the lake with one at 3-15 directed away from the lake. 
The flux beneath the lake again is irregular. Onshore at a depth of one-half meter there 
are large values of horizontal flux immediately at the shoreline (Figure 14). 
Figure 16 shows the vertical flux at the lakebed. The vertical flux along the 
shore is very strong and decreases rapidly between rows nine and ten. A slight increase 
in the flux occurs between rows six to one. The increased flux in the lake is not as 
strong as the flux at the shoreline but still shows an increase at greater distances into the 
lake. Nest 9-3 also shows the largest upward hydraulic gradient. This area therefore 
violates the principle that seepage decreases immediately beneath the lakebed (Figure 
16) farther from shore (McBride and Pfannkuch 1975; Pfannkuch and Winter 1984; 
Cherkauer and Nader 1989; Shaw and Prepas 1990a). Evidence from seepage data 
described in the next section suggests an increase in flux even farther out in the lake, 
similar to the observations of Shaw and Prepas (1990b). 
Figure 14 shows that along the shoreline of the lake there is both upward and 
downward flow. At 1-13, 7-13, 9-11, 9-12, and 9-13, there are areas of downward flow, 
while areas of greatest calculated upward flow occur less than three meters toward the 
lake. The areas of downward flow are likely to be the recharge areas for the upward 
flow and discharge into the lake at the shoreline. The areas of downward flow on the 
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day) between one half meter piezometer and lake on 8/21/99. 
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may have led to underestimates at the Shingobee Lake site because the lakebed is 
generally covered by large alga mats. 
Conductance 
The electrical conductance of groundwater sampled from the piezometers and 
lake water (Figures 19 and 20) was contoured much like the rest of the data in the study. 
There was not much variation in the conductance at the site. For the lake, areas of 
higher conductance were observed near the shore, suggesting that groundwater 
discharge and evapotranspiration may lead to elevated dissolved solids. The areas of 
highest conductance were on-shore, but groundwater throughout the site appears to have 
a generally uniform specific conductance of about 350 to 490 microsiemens (Figures 19 
and 20). The uniformity of conductance indicates that this parameter cannot be used to 
map flow paths at this site. 
Figure 21 shows the conductance found in the lake surface water. The 
conductance of the surface water ranged from 170 to 380 microsiemens. Column one 
from row seven to five show the area of lowest conductance. Contours do not go to the 
lakeshore delineated on the other maps because the water level had dropped when 
conductance measurements were made. Therefore, it was not possible to measure 
conductance at points near the shoreline. 
Temperature 
The temperature data from one half meter and one meter depths show very 
similar trends, with a slightly higher temperature at the shallower depth (Figures 22 and 
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Figure 19. Specific conductance (µSiem) from the one half meter piezometers on 
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Figure 20. Specific conductance (µSiem) from the one meter piezometers on 9/11/99 to 
9/12/99. 
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Figure 22. Temperatures (
0
C) at a depth of one half meter in the one meter piezometers 
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Figure 23. Temperatures (°C) at a depth of one meter in the one meter piezometers on 
6/ 12/99 and 7 /29 /99 to 7 /31 /99. 
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piezometers that also had the highest hydraulic gradients (Figure 9). The area of 
highest temperature is near the center of the shore at 5-13, corresponding to the area 
where water is ponded at the surface on-shore. But the temperature at the discharge 
points along the lakeshore does not increase, except at 7-8. The flow paths may be 
gaining water from a deeper source and then mixing, thereby decreasing the 
temperature of the water as it is discharged to the lake. The temperature at 7-8 shows a 
higher value than that of the surrounding lake. This area near 7-8 also shows a 
decreased upward flow (Figures 14 and 15). These two factors suggest that this area of 
the site might be receiving ponded water from on-shore and is not influenced by deeper, 
colder flow paths. 
Figure 24 shows the temperature gradient between the one half meter and one 
meter depths. In the late summer, when the measurements were made, areas of high 
gradient would indicate downward flow and lower gradients would indicate upward 
flow. The areas of high gradient are found at row 13 and are consistent with the 
observed downward flow (Figure 14 and 15). The areas of lower gradient are found at 
1-9 and 9-3 (Figure 24) and the 9-3 site was seen to have higher upward flux, but the 1-
9 site was not seen to have considerably higher flux. The temperature gradient at 
location 7-8 and 7-11 (Figure 24) suggests downward flow, which is indicated on the 
gradient map at depth (Figure 9), but at the lake-groundwater interface (Figure 9) an 
upward gradient is indicated. Figures 14 and 15 show the flux at 7-8 as slightly upward 
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Figure 24. Temperature gradient (°C/m) between the one half meter and one meter 
depth in the one meter piezometers on 6/ 12/99 and 7 /29 /99 to 7 /31 /99. 
52 
Areas of the greatest three-dimensional flow magnitude (Figures 25 and 26) are 
likely to correspond to areas of lowest temperature gradient. The magnitude of three-
dimensional flux was calculated by taking the horizontal and vertical vector magnitudes 
and finding their resultant vector. The flux magnitude at one-meter depth (Figure 26) 
shows some correlation to the temperature gradient in the area of row 13 (Figure_ 24), 
where large temperature gradients are seen and the flux is small. Figures 25 and 26 
show the highest three-dimensional flux on or near the shore, and this is where some of 
the lowest temperature gradients were observed, although 7-8 (Figure 24) shows a large 
temperature gradient in an area of moderate flux (Figures 25 and 26). The reason for 
the loss of data around the edge of the study area is due to the fact that the horizontal 


















































Figure 25. Three-dimensional flux magnitude (m3/m2day) using the horizontal flux at a 
depth of one half meter and the vertical flux between the one half meter piezometers 
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Figure 26. Three-dimensional flux magnitude (m3 /m2day) using the horizontal flux at a 
depth of one meter and the vertical flux between the one half meter and one meter 
piezometers for 8/2 l/99. 
CHAPTER VI 
CONCLUSIONS 
This study has shown groundwater-lake interaction at a detailed scale and 
revealed that hydrological parameters may vary greatly over small distances. 
Although this detailed scale precludes its use for lake wate~ budget estimation, the 
results indicate that care must be taken when undertaking such a study so that the 
groundwater-lake interaction is adequately understood. The small-scale variability of 
the interaction of groundwater and lake did reflect the large-scale variability in that the 
majority of the flow to the lake was at the shore, just as most previous work predicted. 
The idea that the flow would come into the lake away from shore in concentrated areas 
was found as hypothesized, but the strongest concentrations of flow were found at the 
shore. The variability of the interaction of groundwater and lake was larger than 
anticipated over such small distances. 
Water levels in piezometers were found to vary over a very small distance, up 
to one-half-meter over a two-meter horizontal distance. Water levels used to calculate 
gradient between points in a study could be greatly affected by these differences. The 
vertical gradients showed upward flow over almost the entire grid, but small areas of 
downward gradient were found. This again would influence a study if only a few sites 
were chosen to represent an entire system. Most of the flux in the system takes place 
at the lakeshore, as predicted conceptually by numerous earlier studies. The areas of 
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downward flux on-shore are of interest, as Rosenberry et al. (2000) stated that marsh 
marigolds prefer areas of upward flux of groundwater. It would be of interest to 
determine if this species avoids these areas of downward flux. The flux at the lakebed 
indicated that areas in the lake farther from shore showed increasing flux. Seepage 
meter data indicated in many areas that seepage increased with distance from shore. 
The values of seepage were not as large as the calculated flux values on the lakeshore, 
but an increase was observed. This may indicate that the system is more complex and 
thus seepage does not decrease exponentially with distance into the lake. The nature 
of the lakebed in the near-shore area of this study is not conducive for seepage meter 
tests, because of a thick alga mat and loose sediment at the surface. Darcy flux 
calculations indicated that most flow to the lake was taking place at or near the shore. 
Seepage meters cannot be used in shallow water conditions and so if the groundwater 
contribution to lake budget is to be quantified, then other methods would need to be 
employed. Piezometers and the methods that were used in this study could be used 
along the shore. 
The specific conductance data from the study did not show much variability, 
and was therefore of little value in characterizing groundwater flow. Temperature 
data, when coupled with the three-dimensional flux magnitude data, showed some 
correlation. In areas of strong three-dimensional flux magnitude, very small 
temperature gradients were present, and in areas of weak three-dimensional flux, 
strong temperature gradients occurred. 
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The interaction of the groundwater-lake system at Shingobee Lake has been 
shown to be highly variable and complex. This conclusion is in part due to the scale 
of the study. When a dynamic process such as groundwater-lake interaction is 
examined very closely, the variability of the system will be more pronounced. When 
the data are viewed from a larger scale the overall picture is one which is predicted by 
many models, in that most groundwater discharges into the lake at the shore or near-
shore. 
The data obtained in this study could be of use in the management of lakeshore 
development. It was found that the near-shore hydraulic system can be influenced by 
small changes such as the ponded water affecting the gradients and flow to the lake. It 
suggests that homes, wells, septic systems, and other types of development may have a 
major effect on the hydraulic system. Changes to the groundwater system could 
change the volume of groundwater contributed to the lake and thus the mass of 





Elevations (m) for tops of piezometers 
1 3 5 7 9 
16 406.21 406.24 406.38 406.39 406.42 
15 406.10 406.14 406.24 406.28 406.31 
14 406.18 406.22 406.37 406.40 406.44 
13 405.81 405.86 405.98 406.00 406.07 
12 405.68 405.74 405.82 405.91 406.00 
11 405.84 405.80 405.75 405.77 405.97 
0.5m 10 405.71 405.63 405.63 405.66 405.94 
9 405.52 405.57 405.53 405.63 405.60 
8 405.41 405.51 405.45 405.76 405.46 
7 405.31 405.42 405.46 405.41 405.47 
6 405.51 405.42 405.49 405.54 405.54 
5 405.41 405.50 405.44 405.45 405.60 
3 405.77 405.70 405.70 405.52 405.56 
1 405.69 405.69 405.74 405.87 405.90 
1 3 5 7 9 
16 406.23 406.26 406.38 406.40 406.42 
15 406.04 406.13 406.21 406.29 406.28 
14 406.18 406.22 406.39 406.40 406.43 
13 405.82 405.86 405.98 405.99 406.07 
12 405.69 405.83 405.82 405.91 406.02 
11 405.79 405.79 405.71 405.77 405.97 
1.0 m 10 405.66 405.58 405.58 405.61 405.94 
9 405.49 405.52 405.51 405.59 405.57 
8 405.68 405.49 405.40 405.45 405.43 
7 405.58 405.38 405.41 405.68 405.68 
6 405.61 405.65 405.65 405.77 405.80 
5 405.63 405.63 405.61 405.69 405.58 
3 405.80 405.73 405.78 405.72 406.21 
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Water level elevations (m) for 6/4/99 
1 3 5 7 9 
16 
15 
14 405.41 405.52 405.59 405.43 405.38 
13 405.35 405.33 405.49 405.56 405.60 
12 405.27 405.33 405.36 405.50 405.60 
11 405.20 405.21 405.61 405.43 405.44 
0.5m 10 405.25 405.29 405.29 405.31 405.07 
9 405.32 405.21 405.25 405.24 405.25 
8 405.31 405.20 405.20 405.49 405.24 
7 405.29 405.22 405.22 405 .23 405.22 
6 405.36 405.35 405.35 405.28 405.35 
5 405.38 405.37 405.33 405.33 404.61 
3 405.40 405.39 405.41 405.41 405.50 
1 405.33 405.30 405.28 405.57 405.48 
1 3 5 7 9 
16 
15 
14 405.20 405.53 404.86 405.28 405.03 
13 405.40 405.49 405.56 405.63 
12 405.38 405.40 405.44 405.48 405.57 
11 405.39 405.40 405.43 405.33 405.51 
I.Om 10 405.39 405.40 405.42 405.45 405.48 
9 405.37 405.39 405.41 405.46 405.45 
8 405.66 405.40 405.38 405.41 405.41 
7 405.38 405.37 405.37 405.38 405.47 
6 405.41 405.41 405.40 405.40 405.59 
5 405.41 405.40 405.38 405.41 405 .22 
3 405.41 405.41 405.42 405.41 





Shw- 14 NIA 
63 
Water level elevations (m) for 6/12/99 
I 3 5 7 9 
16 405.74 405.88 
15 405.54 405.78 
14 405.42 405.53 406.18 405.61 405.59 
13 405.37 405.37 405.51 405.56 405.58 
12 405.31 405.34 405.38 405.49 405.61 
11 405.21 405.22 405.30 405.32 405.52 
0.5m 10 405.25 405.29 405.29 405.30 405.29 
9 405.32 405.21 405.25 405.23 405.24 
8 405.32 405.20 405.19 405.49 405.23 
7 405.28 405.23 405.20 405 .23 405.22 
6 405.35 405.35 405.35 405.27 405.25 
5 405.31 405.36 405.33 405.32 405.30 
3 405.40 405.39 405.43 405.43 405.50 
1 405.31 405.30 405.29 405.58 405.48 
1 3 5 7 9 
16 405.70 405.74 405.11 405.84 405.95 
15 405.30 405.70 405.70 405.72 405.86 
14 405.45 405.55 405.62 405.59 405.34 
13 405.41 405.49 405.55 405.62 
12 405.38 405.41 405.45 405.47 405.56 
11 405.39 405.41 405.43 405.44 405.50 
1.0 m 10 405.38 405.39 405.42 405.45 405.47 
9 405.38 405.38 405.41 405.45 405.45 
8 405 .66 405.39 405.36 405.40 405.42 
7 405.38 405.36 405.37 405.40 405.46 
6 405.41 405.41 405.41 405.41 405.50 
5 405.42 405.41 405.40 405.42 405.53 
3 405.41 405.42 405.42 405 .42 406.01 





Shw- 14 408.20 
64 
Water level elevations (m) for 6/25/99 4 am 
1 3 5 7 9 
16 405.46 405.46 405.60 405.85 405.89 
15 405.40 405.59 405.56 405.58 405.85 
14 405.42 405.49 405.60 405.64 405.70 
13 405.35 405.40 405.51 405.57 405.57 
12 405.31 405.34 405.35 405.47 405.59 
11 405.17 '405.16 405.25 405.30 405.50 
0.5 m 10 405.18 405.22 405.22 405.23 405.30 
9 405.25 405.13 405.17 405.16 405.16 
8 405.25 405.12 405.11 405.42 405.16 
7 405.25 405.15 405.13 405.15 405.13 
6 405.28 405.27 405.29 405.20 405.18 
5 405.31 405.31 405.27 405.26 405.32 
3 405.34 405.32 405.35 405.36 405.47 
1 405.24 405.23 405.20 405.49 405.41 
1 3 5 7 9 
16 405 .68 405.72 405.84 405 .86 405.95 
15 405.46 405.67 405.69 405 .73 405.86 
14 405.42 405.51 405.59 405.62 405.52 
13 405.37 405.46 405.53 405.60 
12 405.34 405.36 405.40 405.44 405.55 
11 405.34 405.35 405.37 405.40 405.47 
1.0 m 10 405 .33 405.34 405.36 405.40 405.42 
9 405.32 405.33 405.35 405.40 405.41 
8 405.62 405.33 405 .35 405.38 405.39 
7 405.31 405.34 405.33 405.34 405.41 
6 405 .35 405.35 405.36 405.35 405.44 
5 405.35 405.35 405.33 405.36 405.47 
3 405.35 405.35 405.36 405.35 405.97 





Shw- 14 NIA 
66 
Water level elevations (m) for 6/25/99 12 pm 
1 3 5 7 9 
16 405.46 405.46 405.60 405.85 405.89 
15 405.40 405.59 405.56 405.58 405.85 
14 405.43 405.50 405.61 405.65 405.70 
13 405.38 405.38 405.51 405.58 405.57 
12 405.29 405.34 405.37 405.47 405.58 
11 405.18 405.18 405.25 405.30 405.50 
0.5m 10 405.18 405.23 405 .22 405.23 405.29 
9 405.24 405.12 405.17 405.16 405.16 
8 405.25 405.10 405.10 405.42 405.15 
7 405.24 405.14 405.11 405.14 405.13 
6 405.27 405 .27 405.29 405.19 405.17 
5 405.31 405.30 405.26 405.26 405.32 
3 405.34 405.32 405.35 405.34 405.47 
1 405.23 405.22 405.20 405.49 405.40 
1 3 5 7 9 
16 405.68 405.73 405.84 405.87 405.96 
15 405.45 405.68 405.70 405.73 405.86 
14 405.42 405.52 405.59 405 .62 405.52 
13 405.36 405.46 405.54 405.60 
12 405.34 405.36 405.41 405.44 405.55 
11 405.34 405.35 405.38 405.39 405.48 
1.0 m 10 405.33 405.34 405.36 405.39 405.42 
9 405.32 405.32 405.35 405.40 405.41 
8 405.62 405.34 405.35 405.38 405.38 
7 405.31 405.33 405.32 405.31 405.40 
6 405.35 405.34 405.33 405.33 405.44 
5 405.35 405.34 405.32 405.35 405.47 
3 405.33 405.35 405 .35 405.33 405.95 





Shw- 14 NIA 
67 
Water level elevations (m) for 7/27/99 
1 3 5 7 9 
16 405 .70 405.73 405.87 405.88 405.90 
15 405.63 405.60 405.77 405.87 405.92 
14 405.43 405.49 405.61 405.70 405.81 
13 405.34 405.37 405.51 405.60 405.55 
12 405.33 405.32 405.46 405.49 405.56 
11 405.18 405.17 405.26 405.29 405.53 
0.5 m 10 405.19 405.23 405.23 405 .24 405.34 
9 405.26 405.14 405.18 405.18 405.17 
8 405.26 405.12 405.12 405.44 405.17 
7 405.26 405.16 405.14 405.16 404.94 
6 405.29 405.29 405.30 405.21 405.19 
5 405.33 405.32 405 .28 405.28 405.33 
3 405.35 405.33 405.36 405.36 405.50 
1 405.25 405.24 405.22 405.51 405.42 
1 3 5 7 9 
16 405.70 405.73 405.93 405 .88 405.94 
15 405.47 405.68 405.69 405 .74 405.86 
14 405.43 405.52 405.60 405.68 405.75 
13 405.37 405.46 405.55 405.60 
12 405.35 405.37 405.42 405.45 405.54 
11 405.35 405.36 405.39 405.41 405.48 
1.0 m 10 405.34 405.35 405.37 405.41 405.44 
9 405.34 405.34 405.36 405.41 405.42 
8 405.63 405.34 405.35 405.39 405.40 
7 405.33 405.35 405.34 405.35 405.42 
6 405.37 405.36 405.35 405.35 405.45 
5 405.37 405.36 405.35 405.36 405.47 
3 405.35 405.37 405.36 405.36 405 .97 





Shw- 14 NIA 
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Water level elevations (m) for 8/21/99 
1 3 5 7 9 
16 405.49 405.50 405.64 405.89 405.90 
15 405.55 405.63 405.53 405.60 405.64 
14 405.44 405.52 405.63 405.65 405.72 
13 405.37 405.33 405.49 405.59 405.61 
12 405.32 405.32 405.35 405.44 405.56 
11 405.16 405.15 405.24 405.27 405.48 
0.5 m 10 405.15 405.18 405.23 405.14 405.24 
9 405.21 405.09 405.14 405.12 405.12 
8 405.22 405.08 405.01 405.38 405.12 
7 405.21 405.12 405.04 405.05 405.10 
6 405.26 405.26 405.26 405.17 405.14 
5 405.28 405.25 405.22 405.22 405.18 
3 405.31 405.29 405.32 405.33 405.41 
1 405.20 405.18 405.17 405.43 405.36 
1 3 5 7 9 
16 405.67 405.75 405.89 405.88 405.95 
15 405.45 405.70 405.71 405.74 405.87 
14 405.42 405.53 405.61 405.62 405.67 
13 405.35 405.44 405.52 405.58 
12 405.32 405.34 405.38 405.43 405.53 
11 405.31 405.34 405.35 405.38 405.45 
1.0 m 10 405.31 405.31 405.34 405.37 405.39 
9 405.30 405.30 405.33 405.38 405.39 
8 405.59 405.31 405.32 405.36 405.38 
7 405.29 405.31 405 .30 405.32 405.38 
6 405.32 405.32 405.32 405.32 405.42 
5 405.32 405.32 405.30 405.32 405.43 
3 405.31 405.33 405.33 405.32 405.89 





Shw- 14 408.20 
69 
Water level elevations (m) for 8/28/99 
1 3 5 7 9 
16 405.54 405.55 405.70 405.89 405.92 
15 405.56 405.63 405.60 405.65 405.77 
14 405.44 405.52 405.63 405.65 405.72 
13 405.36 405.33 405.48 405.60 405.62 
12 405.32 405.32 405.35 405.45 405.56 
11 405.17 405.15 405.24 405 .27 405.49 
0.5 m 10 405.15 405.17 405.23 405.20 405.23 
9 405.20 405.08 405.13 405.11 405.11 
8 405.21 405.07 405.03 405.37 405.11 
7 405.19 405. 11 405.04 405.07 405.09 
6 405.24 405.25 405.25 405.16 405.13 
5 405.27 405.24 405.21 405.21 405.18 
3 405.30 405.28 405.31 405.33 405.39 
1 405.20 405.17 405.15 405.41 405.34 
1 3 5 7 9 
16 405.67 405.74 405.90 405.88 405.95 
15 405.45 405.70 405.71 405.74 405.88 
14 405.42 405.53 405.61 405.62 405.67 
13 405.34 405.44 405.52 405.56 
12 405.32 405.33 405.38 405.42 405.53 
11 405.31 405.33 405.35 405 .37 405.45 
1.0 m 10 405.30 405.31 405.33 405.37 405.39 
9 405.29 405.29 405.32 405.37 405.38 
8 405.58 405.30 405.31 405.35 405.38 
7 405.28 405.30 405.28 405 .30 405.38 
6 405.32 405.32 405.31 405.32 405.41 
5 405.32 405.31 405.31 405.32 405.44 
3 405.31 405.31 405.31 405.32 405.89 





Shw- 14 408.19 
71 
Water level elevations (m) for 9/11/99 
1 3 5 7 9 
16 405.59 405.62 405.76 405.89 405.91 
15 405.56 405.63 405.67 405.72 405.84 
14 405.45 405.52 405.63 405.66 405.72 
13 405.38 405.31 405.49 405.62 405.62 
12 405.32 405.32 405.35 405.44 405.56 
11 405.17 405.14 405.23 405.26 405.49 
0.5m 10 405.15 405.16 405.21 405.18 405.23 
9 405.19 405.06 405.11 405.10 405.10 
8 405.19 405.05 405.00 405.35 405.09 
7 405.18 405.09 405.01 405.02 405.07 
6 405.23 405.24 405.24 405.14 405.12 
5 405.27 405.23 405.20 405.20 405.20 
3 405.29 405.27 405.30 405.32 405.40 
1 405.18 405.16 405.13 405.40 405.34 
1 3 5 7 9 
16 405.68 405.74 405.90 405.88 405.94 
15 405.45 405.70 405.70 405.74 405.88 
14 405.42 405.53 405.61 405.61 405.67 
13 405.33 405.43 405.52 405.57 
12 405.31 405.33 405.37 405.42 405.52 
11 405.30 405.32 405.34 405.36 405.44 
1.0 m 10 405.29 405.30 405.32 405.35 405.38 
9 405.28 405.28 405.31 405.36 405.38 
8 405.57 405.28 405.30 405.34 405.37 
7 405.27 405.28 405.28 405.29 405.37 
6 405.30 405.30 405.29 405.30 405.41 
5 405.30 405.30 405.29 405.30 405.43 
3 405.29 405.30 405.30 405.30 405.88 
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Seepage Data (mid) for June 
6/2/99 





7 0.07 0.20 
6 
5 0.19 0.22 0.08 0.14 
3 0.26 0.15 0.51 0.12 
1 
6/3/99 





7 0.20 0.07 0.20 0.05 0.05 
6 
5 0.15 0.18 0.21 0.08 0.11 
3 0.29 0.15 0.33 0.33 
1 
91 
Seepage Data (m/d) for August 
8/21/99 







5 0.31 0.26 
3 0.27 0.31 
1 0.24 0.27 
-1 0.35 0.20 
-3 0.49 0.47 
-5 0.27 1.66 
APPENDIXV 
TEMPERATURE DAT A 
Temperature (°C) in the 1.0 m piezometers 7 /27 /99 to 7 /31/99 
1-1 1-3 1-5 1-6 1-7 
Elevation oc Elevation oc Elevation oc Elevation oc Elevation oc 
405.5 19.4 405.7 19.0 405.5 17.4 405.5 17.2 405.4 16.9 
405.4 20.2 405.6 20.0 405.4 18.3 405.4 18.9 405.3 18.1 
405.3 21.2 405.4 20.6 405.3 20.9 405.3 21.2 405.2 18.8 
405.2 23.2 405.3 21.3 405.2 23.1 405.2 22.1 405.1 21.2 
405.1 23.5 405.2 22.6 405.1 23.3 405.1 22.2 405.0 21.6 
405.0 23.9 405.1 23.5 405.0 23.4 404.9 22.1 404.9 21.5 
404.9 24.3 405.0 23.6 404.9 23.6 404.8 22.4 404.8 21.8 
404.8 24.5 404.9 23.6 404.8 23.4 404.7 19.7 404.7 14.8 
404.7 24.6 404.8 23.9 404.7 16.6 404.6 10.3 404.6 9.0 
404.6 22.5 404.7 24.3 404.6 10.3 404.5 8.2 404.5 7.6 
404.5 17.1 404.6 23.9 404.5 8.1 404.4 7.4 404.4 7.3 
404.4 13.5 404.5 16.8 404.4 7.4 404.3 7.2 404.3 7.1 
404.3 11.5 404.4 12.3 404.3 7.2 404.2 7.1 404.2 7.0 
404.2 10.3 404.3 10.0 404.2 7.1 404.1 7.0 404.1 7.0 
404.1 9.5 404.2 8.6 404.1 7.1 404.0 7.0 404.0 6.9 
404.0 9.1 404.1 8.2 404.0 7.0 403.9 6.9 403.9 6.9 
403.9 8.7 404.0 7.9 403.8 7.0 403.8 6.9 403.8 6.9 
403.8 8.4 403.9 7.8 403.7 7.0 403.7 6.9 403.7 6.9 
403.7 8.2 403.8 7.7 403.6 7.0 403.6 6.9 
403.6 8.1 403.7 7.6 403.5 7.0 403.5 6.9 
403.5 7.9 403.6 7.5 403.4 7.0 403.4 6.9 
403.4 7.8 403.5 7.4 
403.3 7.7 403.4 7.4 























































Temperature (°C) in the 1.0 m piezometers 7 /27 /99 to 7 /31/99 
1-10 1-11 1-12 1-13 1-14 
Elevation oc Elevation oc Elevation oc Elevation oc Elevation oc 
405.5 23.7 405.6 22.2 405.5 20.6 405.7 21.5 406.0 21.6 
405.4 23.9 405.5 22.9 405.4 21 .0 405.6 21.7 405.9 22.3 
405.3 23.5 405.4 23.0 405.3 20.4 405.5 20.6 405.8 22.6 
405.2 22.0 405.3 22.8 405.2 16.7 405.4 17.4 405.7 22.6 
405.1 20.9 405.2 20.5 405.1 12.3 405.3 12.8 405.6 22.4 
405.0 17.9 405.1 19.8 405.0 11.3 405.2 12.2 405.5 21.2 
404.9 12.0 405.0 16.4 404.9 10.5 405.1 11.7 405.4 18.4 
404.8 9.2 404.9 12.4 404.8 9.9 405.0 11.2 405.3 13.2 
404.7 8.0 404.8 10.1 404.7 9.5 404.9 10.5 405.2 12.4 
404.6 7.4 404.7 8.8 404.6 9.0 404.8 9.9 405.1 11 .7 
404.5 7.3 404.6 8.2 404.5 8.7 404.6 9.5 405.0 11 .2 
404.4 7.2 404.5 7.9 404.4 8.5 404.5 9.2 404.9 10.6 
404.3 7.2 404.4 7.8 404.3 8.4 404.4 9.0 404.8 10.2 
404.2 7.2 404.3 7.7 404.2 8.3 404.3 8.9 404.7 9.8 
404.1 7.2 404.2 7.7 404.6 9.4 




















































Temperature (°C) in the 1.0 m piezometers 7 /27 /99 to 7 /31/99 
3-1 3-3 3-5 3-6 3-7 
Elevation oc Elevation oc Elevation oc Elevation oc Elevation oc 
405.6 17.7 405.6 18.3 405.5 18.9 405.5 .16.9 405.2 21.8 
405.5 18.6 405.5 19.9 405.4 19.4 405.4 18.9 405.1 22.3 
405.4 19.1 405.4 21.3 405.3 20.3 405.3 20.5 405.0 22.5 
405.3 19.7 405.3 21.8 405.2 23.2 405.2 23.1 404.9 22.3 
405.2 20.4 405.2 23.9 405.1 23.2 405.1 23.2 404.8 22.9 
405.1 23.9 405.1 24.0 405.0 23.3 405.0 23.1 404.7 17.6 
405.0 24.3 405.0 24.1 404.9 23.5 404.9 23.8 404.6 12.4 
404.9 24.5 404.9 24.5 404.8 23.7 404.8 23.9 404.5 10.5 
404.8 24.9 404.8 24.7 404.7 16.5 404.7 17.4 404.4 9.3 
404.7 24.9 404.7 24.7 404.6 10.4 404.6 11.0 404.3 8.5 
404.6 22.6 404.6 16.8 404.5 8.8 404.5 9.0 404.2 8.0 
404.5 17.9 404.5 11.2 404.4 8.0 404.4 8.2 404.1 7.7 
404.4 15.0 404.4 9.3 404.3 7.6 404.3 7.8 404.0 7.4 
404.3 12.8 404.3 8.3 404.2 7.4 404.2 7.5 403.9 7.3 
404.2 11.2 404.2 7.9 404.1 7.3 404.1 7.3 403.8 7.2 
404.1 10.5 404.1 7.7 403.9 7.2 404.0 7.2 403.7 7.1 
404.0 9.9 404.0 7.6 403.8 7.1 403.9 7.1 
403.9 9.4 403.8 7.5 403.7 7.1 403.8 7.1 
403.8 8.9 403.7 7.5 403.6 7.1 403.7 7.0 
403.7 8.7 403.6 7.4 403.5 7.0 403.6 7.0 
403.6 8.4 403.5 7.4 403.4 7.0 403.5 7.0 
403.5 8.2 403.4 7.4 403.3 7.0 
403.4 8.1 403.3 7.4 
























































Temperature (0 C) in the 1.0 m piezometers 7/27/99 to 7/31/99 
3-10 3-11 3-12 3-13 3-14 
Elevation QC Elevation QC Elevation QC Elevation QC Elevation QC 
405.4 25.3 405.6 25.4 405.7 25.8 removed 406.1 22.2 
405.3 26.0 405.5 28.3 405.6 26.4 406.0 24.7 
405.2 27.6 405.4 30.7 405.5 26.0 405.9 25.0 
405.1 -27.5 405.3 31.5 405.4 25.1 405.8 25.2 
405.0 26.0 405.2 32.7 405.3 20.4 405.7 25.0 
404.9 12.8 405.1 29.9 405.2 17.0 405.6 23.8 
404.8 8.3 405.0 19.0 405.1 14.2 405.5 18.2 
404.7 7.6 404.9 11.3 405.0 11.4 405.4 14.6 
404.6 7.4 404.8 10.0 404.9 10.4 405.3 12.1 
404.5 7.4 404.7 9.5 404.8 9.7 405.2 10.4 
404.4 7.3 404.6 8.8 404.7 9.3 405.0 9.4 
404.3 7.3 404.5 8.5 404.6 9.1 404.9 8.9 
404.2 7.3 404.4 8.2 404.5 8.8 404.8 8.6 
404.1 7.3 404.3 8.0 404.4 8.6 404.7 8.4 
404.0 7.3 404.2 7.9 404.3 8.4 404.6 8.3 




















































Temperature (°C) in the 1.0 m piezometers 7/27/99 to 7/31/99 
5-1 5-3 5-5 5-6 5-7 5-8 
Elevation oc Elevation oc Elevation oc Elevation oc Elevation oc Elevation 
405.6 22.4 405.6 20.7 405.5 19.5 405.5 19.6 405.3 21.8 405.2 
405.5 22.2 405.5 21.0 405.4 20.5 405.4 21.1 405.2 22.4 405.1 
405.4 22.0 405.4 21.7 405.3 21 .7 405.3 22.1 405.1 22.5 405.0 
405.3 24.1 405.3 22.3 405.2 22.7 405.2 24.1 404.9 22.2 404.9 
405.1 24.3 405.2 24.0 405.1 22.9 405.1 24.1 404.8 23.0 404.8 
405.0 24.3 405.1 24.2 404.9 22.9 405.0 24.0 404.7 14.9 404.7 
404.9 24.3 405.0 24.2 404.8 24.1 404.9 24.2 404.6 9.1 404.6 
404.8 24.5 404.9 24.2 404.7 23.7 404.8 23.7 404.5 8.1 404.5 
404.7 24.6 404.8 24.2 404.6 16.6 404.7 15.5 404.4 7.7 404.4 
404.6 24.6 404.7 24.4 404.5 10.9 404.6 10.8 404.3 7.5 404.3 
404.5 18.2 404.6 23.9 404.4 9.6 404.5 9.1 404.2 7.4 404.2 
404.4 12.0 404.5 14.4 404.3 9.4 404.4 8.3 404.1 7.3 404.1 
404.3 10.1 404.4 10.1 404.2 8.7 404.3 7.9 404.0 7.2 404.0 
404.2 9.0 404.3 8.4 404.1 8.4 404.2 7.7 403.9 7.2 403.9 
404.1 8.5 404.2 8.0 404.0 8.0 404.1 7.5 403.8 7.1 403.8 
404.0 8.4 404.1 7.8 403.9 7.8 404.0 7.4 403.7 7.1 403.7 
403.9 8.2 404.0 7.7 403.8 7.6 403.9 7.3 
403.8 8.0 403.9 7.6 403.7 7.5 403.8 7.2 
403.7 7.9 403.8 7.5 403.6 7.4 403.7 7.2 
403.6 7.8 403.7 7.5 403.5 7.4 403.6 7.1 
403.5 7.7 403.6 7.4 403.4 7.3 403.5 7.1 
403.4 7.6 403.5 7.4 
403.3 7.6 403.4 7.4 







































Elevation QC Elevation 
405.4 24.4 405.6 
405.3 27.0 405.5 
405.2 29.4 405.4 
405.1 29.2 405.3 
405.0 27.3 405.2 
404.9 12.6 405.1 
404.8 9.0 405.0 
404.7 8.3 404.9 
404.6 7.9 404.7 
404.5 7.6 404.6 
404.4 7.5 404.5 
404.3 7.4 404.4 
404.2 7.4 404.3 
404.1 7.4 404.2 
404.0 7.4 404.1 
403.9 7.4 404.0 
Temperature {°C) in the 1.0 m piezometers 7 /27 /99 to 7 /31/99 
5-12 5-13 5-14 5-15 
QC Elevation QC Elevation QC Elevation QC Elevation 
32.6 405.7 21.9 405.8 22.6 406.2 24.6 406.1 
32.1 405.6 23.5 405.7 23.1 406.1 25.9 406.0 
31.7 405.5 23.6 405.6 23.1 406.0 26.0 405.9 
28.7 405.4 15.9 405.5 23.1 405.9 25.8 405.8 
26.9 405.3 12.8 405.4 19.5 405.8 25.1 405.7 
23.3 405.2 11.9 405.3 16.8 405.7 23.8 405.6 
12.4 405.1 11.2 405.2 15.8 405.6 20.5 405.4 
10.0 405.0 10.3 405.1 14.6 405.5 17.7 405.3 
8.9 404.9 9.9 405.0 14.0 405.4 15.9 405.2 
8.4 404.8 9.3 404.9 13.0 405.3 14.3 405.1 
8.2 404.7 9.1 404.8 12.1 405.2 12.9 405.0 
8.1 404.6 9.0 404.7 11.2 405.1 12.0 404.9 
8.0 404.5 8.9 404.6 10.4 405.0 11.1 404.8 
8.0 404.9 10.4 404.7 
8.0 404.8 9.7 































Temperature (°C) in the 1.0 m piezometers 7/27/99 to 7/31/99 
7-1 7-3 7-5 7-6 7-7 7-8 
Elevation oc Elevation oc Elevation oc Elevation oc Elevation oc Elevation 
405.6 20.9 405.6 21.6 405.5 22.9 405.6 21.5 405.5 21.0 405.3 
405.5 21.1 405.5 21 .5 405.4 22.8 405.5 22.6 405.4 21.9 405.2 
405.4 23.3 405.4 21.5 405.3 23.0 405.4 23.5 405.3 22.8 405.1 
405.3 23.4 405.3 22.1 405.2 23.3 405.3 24.2 405.2 25.3 405.0 
405.2 23.4 405.2 23.0 405.1 23.1 405.2 26.3 405.1 25.7 404.9 
405.1 23.5 405.1 23.1 405.0 22.9 405.1 26.6 405.0 25.9 404.8 
405.0 23.5 405.0 23.2 404.9 22.8 405.0 26.7 404.9 26.0 404.7 
404.9 24.0 404.9 23.5 404.8 23.2 404.9 26.8 404.8 26.1 404.6 
404.8 24.1 404.8 23.7 404.7 22.6 404.8 26.9 404.7 19.6 404.5 
404.7 23.9 404.7 23.5 404.6 17.7 404.7 22.2 404.6 14.6 404.4 
404.6 22.0 404.6 17.4 404.5 14.6 404.6 15.4 404.5 12.0 404.3 
404.5 14.4 404.5 10.1 404.4 12.4 404.5 13.3 404.4 10.6 404.2 
404.4 11.0 404.4 8.4 404.3 10.8 404.4 12.1 404.3 9.8 404.1 
404.3 8.7 404.3 7.7 404.2 10.0 404.3 11.3 404.2 9.4 404.0 
404.2 7.8 404.1 7.4 404.1 9.4 404.2 10.4 404.1 9.0 403.9 
404.1 7.5 404.0 7.3 404.0 8.9 404.1 9.7 404.0 8.7 403.8 
404.0 7.4 403.9 7.2 403.9 8.6 404.0 9.3 403.9 8.4 
403.9 7.4 403.8 7.2 403.8 8.3 403.9 8.8 403.8 8.3 
403.8 7.2 403.7 7.2 403.7 8.2 403.8 8.5 403.7 8.1 
403.7 7.2 403.6 7.1 403.6 8.0 403.7 8.3 
403.6 7.1 403.5 7.1 403.5 7.9 403.6 8.1 
403.5 7.1 403.4 7.1 
403.4 7.0 403.3 7.1 








































Temperature (°C) in the 1.0 m piezometers 7/27/99 to 7/3 i/99 
9-1 9-3 9-5 9-6 9-7 9-8 9-9 
Elevation QC Elevation QC Elevation QC Elevation QC Elevation QC Elevation QC Elevation QC 
405.5 21.6 406.1 21.0 405.4 23.0 405.6 22.6 405.5 22.3 405.3 24.3 405.4 26.6 
405.4 23.3 406.0 21.3 405.3 26.1 405.5 23.0 405.4 22.3 405.2 24.4 405.3 28.6 
405.3 23.6 405.9 22.2 405.2 26.6 405.4 24.4 405.3 25.1 405.1 24.4 405.2 28.8 
405.2 23.6 405.8 22.3 405.1 26.8 405.3 25.7 405.2 26.0 405.0 23.8 405.1 28.5 
405.1 23.6 405.7 22.0 405.0 27.0 405.2 26.0 405.1 26.4 404.9 19.1 405.0 27.0 
405.0 23.7 405.5 22.3 404.9 27.2 405.1 26.2 405.0 26.4 404.8 12.8 404.9 21.3 
404.9 23.4 405.4 22.5 404.8 27.1 405.0 26.3 404.9 26.6 404.7 10.4 404.8 10.6 
404.8 23.8 405.3 22.4 404.7 24.8 404.9 26.4 404.8 25.7 404.6 9.6 404.7 9.4 
404.7 23.7 405.2 22.4 404.6 17.7 404.8 26.5 404.7 17.2 404.5 9.2 404.6 9.0 
404.6 21.7 405.1 22.4 404.5 12.6 404.7 21.8 404.6 12.9 404.4 8.8 404.5 8.7 
404.5 18.0 405.0 22.5 404.4 10.6 404.6 15.6 404.5 11.2 404.3 8.5 404.4 8.4 
404.4 12.5 404.9 22.8 404.3 9.6 404.5 12.1 404.4 10.3 404.2 8.3 404.3 8.1 




404.2 8.3 404.7 23.2 404.1 8.4 404.3 10.2 404.2 9.3 404.0 7.9 404.1 7.9 
404.1 7.8 404.6 20.6 404.0 8.0 404.2 9.4 404.1 8.9 403.9 7.8 404.0 7.7 
404.0 7.6 404.5 8.5 403.9 7.7 404.1 9.0 404.0 8.6 403.8 7.7 403.9 7.6 
403.9 7.4 404.4 7.4 403.8 7.5 404.0 8.6 403.9 a.3 
403.8 7.3 404.3 7.2 403.7 7.4 403.9 8.2 403.8 8.1 
403.7 7.2 404.2 7.1 403.6 7.3 403.8 8.0 403.7 7.9 
403.6 7.2 404.1 7.1 403.5 7.3 403.7 7.7 
403.5 7.1 404.0 7.1 403.4 7.3 403.6 7.6 
403.4 7.1 403.9 7.0 
403.3 7.1 403.8 7.0 






Temperature (°C) in the 1.0 m piezometers 7 /27 /99 to 7 /31/99 
9-10 9-11 9-12 9-13 9-14 9-15 
Elevation oc Elevation oc Elevation oc Elevation oc Elevation oc Elevation 
405.8 25.0 405.8 27.0 405.9 23.9 405.9 22.8 406.3 25.2 406.1 
405.7 26.0 405.7 27.1 405.8 24.5 405.8 24.0 406.2 25.0 406.0 
405.6 26.4 405.6 26.9 405.7 24.5 405.7 24.0 406.1 24.7 405.9 
405.5 27.7 405.5 26.6 405.6 18.1 405.6 19.2 406.0 24.7 405.8 
405.4 26.3 405.4 19.4 405.5 13.5 405.5 14.7 405.9 24.3 405.7 
405.3 22.6 405.3 12.5 405.4 11 .8 405.4 13.7 405.8 23.0 405.6 
405.2 12.8 405.2 10.6 405.3 11.0 405.3 13.5 405.7 13.0 405.5 
405.1 11.8 405.1 9.5 405.2 10.4 405.2 13.1 405.6 11.6 405.4 
405.0 11.0 405.0 9.1 405.1 9.5 405.1 12.3 405.5 10.6 405.3 
404.9 10.0 404.9 8.9 405.0 8.9 405.0 11.3 405.4 10.1 405.2 
404.8 9.2 404.8 8.6 404.9 8.3 404.9 10.2 405.3 9.4 405.1 
404.7 8.6 404.7 8.2 404.8 8.0 404.8 9.0 405.2 8.8 405.0 
404.6 8.4 404.6 8.0 404.7 7.8 404.7 8.0 405.1 8.4 404.9 
404.5 8.1 404.5 7.8 404.5 7.6 404.6 7.6 405.0 8.0 404.8 
404.4 7.9 404.4 7.6 404.9 7.8 






































Specific conductance (µSiem) from the piezometers 
1 3 5 7 9 
16 443 424 
15 504 474 
14 371 416 409 397 
13 509 482 438 450 411 
12 460 461 517 449 440 
11 437 462 383 441 443 
0.5m 10 457 432 460 442 334 
9 478 405 444 400 442 
8 441 410 402 418 367 
7 444 421 414 422 226 
6 430 439 429 407 407 
5 473 414 434 406 407 
3 448 414 416 432 440 
1 470 456 416 424 443 
1 3 5 7 9 
16 399 449 468 455 405 
15 420 425 444 434 
14 435 416 427 449 
13 428 448 446 416 
12 445 468 479 435 452 
11 442 464 434 446 
1.0 m 10 462 461 455 437 425 
9 480 391 470 426 430 
8 447 385 428 431 313 
7 436 402 412 420 336 
6 458 440 429 428 389 
5 457 435 416 428 429 
3 432 409 415 434 425 
1 441 444 413 407 431 
105 
Specific conductance (µSiem) from the lake surface water 








9 363 280 353 324 384 
8 244 267 275 246 247 
7 179 223 232 255 221 
6 202 225 223 231 223 
5 195 209 227 236 233 
3 222 212 233 230 230 
1 220 226 225 228 229 
APPENDIX VII 
SLUG TEST/HYDRAULIC CONDUCTIVITY DATA 
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Hvorslev slug test results 
d= Diameter of standpipe 2.5 cm (1 inch) 
L= Length of intake 3 cm 
D= Diameter of intake 1.9 cm (3/4 inch) 
T= Estimated time of 3 7% recovery from charts ( s) 
Piezometer location Depth of Intake (m) T (s) Kh (cm/s) Kh (m/day) 
1-13 0.5 114 2.9E-03 2.5E+OO 
1-12 0.5 36 9.2E-03 8.0E+OO 
1-11 0.5 27 1.2E-02 1. lE+Ol 
1-6 0.5 865 3.8E-04 3.3E-01 
3-15 0.5 4656 7.lE-05 6.2E-02 
3-14 0.5 510 6.5E-04 5.6E-01 
3-6 0.5 562 5.9E-04 5. lE-01 
3-3 0.5 70 4.7E-03 4.lE+OO 
5-14 0.5 156 2.lE-03 1.8E+OO 
5-13 0.5 45000 7.4E-06 6.4E-03 
5-10 0.5 14 2.4E-02 2.0E+Ol 
5-6 0.5 210 1.6E-03 1.4E+OO 
7-12 0.5 26.5 1.3E-02 1. lE+Ol 
7-8 0.5 1333 2.5E-04 2.2E-01 
7-6 0.5 726 4.6E-04 4.0E-01 
9-16 0.5 11000 3.0E-05 2.6E-02 
9-13 0.5 26.15 1.3E-02 1. lE+Ol 
9-11 0.5 21.15 1.6E-02 1.4E+Ol 
9-8 0.5 907 3.7E-04 3.2E-01 
108 
H vorslev slug test results 
d= Diameter of standpipe 2.5 cm (1 inch) 
L= Length of intake 3 cm 
D= Diameter of intake 1.9 cm (3/4 inch) 
T= Estimated time of 3 7% recovery from charts ( s) 
Piezometer location Depth of Intake (m) T (s) Kh (cm/s) Kh (m/day) 
1-16 1 730 4.5E-04 3.9E-Ol 
1-15 1 95 3.5E-03 3.0E+OO 
1-14 1 312 1. lE-03 9.2E-01 
1-13 1 94 3.5E-03 3.lE+OO 
1-12 1 37 9.0E-03 7.8E+OO 
1-10 1 260 1.3E-03 1. lE+OO 
1-8 1 30 1.lE-02 9.6E+OO 
1-6 1 13.4 2.5E-02 2.lE+Ol 
3-11 1 86 3.9E-03 3.3E+OO 
3-8 1 26 1.3E-02 1. lE+Ol 
5-16 1 60000 5.5E-06 4.8E-03 
5-15 1 86 3.9E-03 3.3E+OO 
5-14 1 79 4.2E-03 3.6E+OO 
5-13 1 71 4.7E-03 4.0E+OO 
5-10 1 30.8 1. lE-02 9.3E+OO 
5-8 1 32 1.0E-02 9.0E+OO 
5-6 1 15.9 2. lE-02 1.8E+Ol 
7-16 1 7437 4.5E-05 3.9E-02 
7-15 1 33750 9.8E-06 8.5E-03 
7-12 1 18.4 1.8E-02 1.6E+Ol 
7-10 1 500 6.6E-04 5.7E-01 
7-8 1 40 8.3E-03 7.2E+OO 
7-6 1 18 1.8E-02 1.6E+Ol 
7-5 1 69 4.8E-03 4.2E+OO 
9-16 1 66 5.0E-03 4.3E+OO 
9-13 1 30.6 1. lE-02 9.4E+OO 
9-11 1 396 8.4E-04 7.2E-01 
9-9 1 72 4.6E-03 4.0E+OO 
9-5 1 25 1.3E-02 1. lE+Ol 
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Hydraulic Conductivities (mid) 
1 3 5 7 9 
16 2.6E-02 
15 6.2E-02 
14 5.6E-Ol 1.8E+OO 
13 2.5E+OO 6.4E-03 1. lE+Ol 
12 8.0E+OO 1.lE+Ol 
11 1.lE+Ol 1.4E+Ol 
0.5m 10 2.0E+Ol 
9 
8 2.2E-01 3.2E-01 
7 




1 3 5 7 9 
16 3.9E-01 4.8E-03 3.9E-02 4.3E+OO 
15 3.0E+OO 3.3E+OO 8.5E-03 
14 9.2E-01 3.6E+OO 
13 3.lE+OO 4.0E+OO 9.4E+OO 
12 7.8E+OO 1.6E+Ol 
11 3.3E+OO 7.2E-01 
1.0 m 10 1.lE+OO 9.3E+OO 5.7E-01 
9 4.0E+OO 
8 9.6E+OO 1. lE+Ol 9.0E+OO 7.2E+OO 
7 
6 2.lE+Ol 1.8E+Ol 1.6E+Ol 




FORTRAN 77 CODE FOR GRADIENT CALCULATION 
113 
C FIND A VECTOR FROM GRADIENTS FROM A HEAD FIELD 
DIMENSION G(25,7) 
DIMENSION A(25 ,7) 
DIMENSION B(25,7) 




C OPEN FILE WITH GRADIENTS 
OPEN (UNIT=70,FILE='GRAD.IN',STATUS='OLD') 
C OPEN FILES FOR OUT PUt 
OPEN (UNIT=7 l ,FILE='A.OUT',ST A TUS='NEW') 
OPEN (UNIT=72,FILE='B.OUT',ST A TUS='NEW') 
OPEN (UNIT=73,FILE='Vm.OUT',STATUS='NEW') 
OPEN (UNIT=74,FILE='Az.OUT',STATUS='NEW') 
C CALCULATE THE VERTICAL GRADIENT MAGNITUDE 
READ (70,*) ((G(I,J), J= l ,7),I=l ,25) 
DO 101=2,24,2 
DO 10 J=2,6,2 
A(I,J) = G(I- 1,J) + G(I + l ,J) 
10 CONTINUE 
WRITE (71,20) ((A(I,J) ,J=l ,7),I=l ,25) 
20 FORMAT (7F12.7) 
C CALCULATE THE HORIZONTAL GRADIENT MAGNITUDE 
DO 30 I=2,24,2 
DO 30 J=2,6,2 
B(I,J) = G(I,J-1) + G(I,J+l) 
30 CONTINUE 
WRITE (72,40) ((B(I,J),J=l,7),I=l ,25) 
40 FORMAT (7F12.7) 
CLOSE (70) 
C CALCULATE THE MAGNITUDE OF THE RESULTANT VECTOR 
DO 50 I=2,24,2 
DO 50 J=2,6,2 
Vm(I,J) = SQRT(A(I,J)**2 + B(I,J)**2) 
50 CONTINUE 
WRITE (73,60) ((Vm(I,J) ,J=l ,7)J=l,25) 
60 FORMAT (7Fl2.7) 
C CALCULATE THE AZIMUTH OF THE RESULT ANT VECTOR IN DEGREES 
FROM NORTH(UP) 
DO 70 1=2,24,2 
DO 70 J=2,6,2 
Az(I,J) = ASIN(ABS(B(I,J)) / Vm(I,J)) 
IF (A(I,J) .LT. 0 .AND. B(I,J) .GT. 0.) THEN 
-- -- ·----
Sample input of gradients between piezometers for Fortran program 
Row and column numbers added for reference 
2 3 4 5 6 7 8 
0.00000 0.04876 0.00000 0.18288 0.00000 0.14935 0.00000 
15 -0.12192 0.00000 -0.00609 0.00000 -0.01219 0.00000 -0.06858 
0.00000 0.17068 0.00000 0.10058 0.00000 0.11887 0.00000 
14 -0.05638 0.00000 -0.04114 0.00000 -0.00304 0.00000 -0.02743 
0.00000 0.12803 0.00000 0.16764 0.00000 0.09448 0.00000 
13 -0.02742 0.00000 -0.02134 0.00000 -0.03962 0.00000 -0.02895 
0.00000 0.06094 0.00000 0.06096 0.00000 0.09144 0.00000 
12 -0.00762 0.00000 -0.02133 0.00000 -0.02438 0.00000 -0.05029 
0.00000 0.00304 0.00000 0.02743 0.00000 0.05181 0.00000 
11 -0.01066 0.00000 -0.00914 0.00000 -0.01219 0.00000 -0.03810 
0.00000 0.02133 0.00000 0.01524 0.00000 0.00609 0.00000 
>---1 
10 -0.00304 0.00000 -0.01219 0.00000 -0.01676 0.00000 -0.01066 >---1 Vl 
0.00000 0.01219 0.00000 0.01219 0.00000 -0.00914 0.00000 
9 -0.00152 0.00000 -0.01219 0.00000 -0.02743 0.00000 -0.00457 
0.00000 -0.00914 0.00000 0.00914 0.00000 0.02438 0.00000 
8 0.14020 0.00000 -0.00304 0.00000 -0.019,81 0.00000 -0.01219 
0.00000 0.00000 0.00000 0.02133 0.00000 0.03962 0.00000 
7 -0.01066 0.00000 0.00762 0.00000 -0.01066 0.00000 -0.03352 
0.00000 -0.01148 0.00000 -0.02463 0.00000 -0.00447 0.00000 
6 -0.00021 0.00000 0.00104 0.00000 -0.00058 0.00000 -0.04798 
0.00000 -0.00033 0.00000 0.01661 0.00000 -0.00024 0.00000 
5 -0.00204 0.00000 0.00952 0.00000 -0.00902 0.00000 -0.05620 
0.00000 -0.00120 0.00000 -0.01030 0.00000 -0.00123 0.00000 
3 -0.00772 0.00000 0.00043 0.00000 0.00004 0.00000 -0.28212 


























Sample output from Fortran program 
Row and column numbers added for reference 
Vector magnitude (m) output for 8/21/99 
At a depth of one-half-meter 
3 5 7 
0.0238544 0.0219794 0.2417354 
0.3166584 0.0750483 0.0476357 
0.2068434 0.3061268 0.2189686 
0.1806117 0.2539416 0.3393014 
0.1519803 0.1377345 0.3209278 
0.071091 0.1079891 0.1433289 
0.1075581 0.2170563 0.2348741 
0.1094843 0.1813304 0.09144 
0.20483 0.2542042 0.2137455 
0.1317885 0.1894566 0.1807323 
0.0325538 0.0177643 0.1111153 
0.036817 0.0347362 0.1129715 
Azimuth (0 ) of vector for 8/21/99 
At a depth of one-half-meter 
3 5 7 
26.5651 123.6901 193.861 
197.6501 240.8324 262.6476 
196.6992 205.0341 196.1645 
185.3257 , 193.5359 197.7839 
195.7086 204.8637 201.4477 
210.9638 171.0694 181.828 
159.2539 184.4296 2.2312 
73.8355 236.3099 216.8699 
25.5652 7.9257 188.6113 
358.8087 14.42 18.8335 
73.2461 60.1271 10.9507 






day) between one-half and one-meter piezometers 8/21/99 
1 3 5 7 9 
16 7.4E-02 1.0E-01 1. lE-01 -1.3E-03 1.9E-02 
15 -4.0E-02 2.8E-02 7.7E-02 5.9E-02 9.6E-02 
14 -9.0E-03 2.6E-03 -7.7E-03 -1.5E-02 -2.2E-02 
13 -4. lE-01 3.0E-02 -2.lE-02 -2.8E-02 -5. lE-01 
12 9.2E-02 2.3E-01 4.6E-01 -1.8E-01 -4. lE-01 
11 2.3E+OO 2.8E+OO 1.7E+OO 1.7E+OO -3 .7E-01 
10 2.3E+OO 2. l E+OO 1.7E+OO 3.SE+OO 2.4E+OO 
9 1.5E-01 3.8E-Ol 3.4E-Ol 4.6E-01 4.8E-01 
8 6.6E-01 4.2E-01 5.5E-01 -3.8E-02 4.7E-01 
7 1.4E-01 3.4E-01 4.6E-01 4.8E-01 5.0E-01 
6 1.2E-01 1. lE-01 1. lE-01 2.7E-01 4.9E-01 
5 6.4E-02 1.3E-01 1.5E-01 1.8E-01 4.6E-01 
3 -2.8E-03 6.2E-02 8.5E-03 -1.3E-02 8.6E-01 
1 2.3E-01 9.4E-02 3. lE-01 1.0E-01 2.5E-01 
Vertical flux (m3/m2day) between one-half-meter piezometers 
and the lake 8/21 /99 
1 3 5 7 9 
16 1.2E-01 1.2E-Ol 1.5E-Ol 2.0E-01 2.0E-01 
15 1.3E-01 1.5E-01 1.2E-01 1.4E-01 1.5E-01 
14 1.0E-01 1.2E-01 1.5E-01 1.5E-01 1.6E-01 
13 3.3E+OO 8.2E-02 1.2E-01 1.4E-01 5.lE+OO 
12 2.9E+OO 2.9E+OO 3.lE+OO 3.8E+OO 4.7E+OO 
11 1.7E+OO 1.6E+OO 2.3E+OO 2.5E+OO 4.lE+OO 
10 1.6E+OO 1.8E+OO 2.2E+OO 1.5E+OO 2.2E+OO 
9 2.4E-01 1.3E-01 1.8E-01 1.6E-01 1.6E-01 
8 2.5E-01 1.2E-01 6.2E-02 3.9E-01 1.6E-01 
7 2.4E-01 1.6E-01 8.6E-02 9.7E-02 1.4E-01 
6 2.8E-01 2.9E-01 2.9E-01 2.0E-01 1.8E-01 
5 3.0E-01 2.8E-01 2.5E-01 2.5E-01 2. lE-01 
3 3.3E-01 3. lE-01 3.4E-01 3.5E-01 4. lE-01 
1 2.3E-01 2. lE-01 2.0E-01 4.3E-01 3.8E-01 
119 
Horizontal flux (m3 /m
2
d) between one-half-meter piezometers 8/21/99 
1 3 5 7 9 
16 
15 5.0E-03 4.6E-03 5.lE-02 
14 6.7E-02 1.6E-02 1.0E-02 
13 4.4E-02 6.4E-02 4.6E-02 
12 1.4E+OO 1.9E+OO 2.6E+OO 
11 1. lE+OO 1.0E+OO 2.4E+OO 
0.5 m 10 5.4E-Ol 8.2E-01 1.lE+OO 
9 9.5E-02 1.9E-01 2. lE-01 
8 9.7E-02 1.6E-01 8.lE-02 
7 1.8E-01 2.3E-01 1.9E-01 
6 1.2E-01 1.7E-01 1.6E-01 
5 2.9E-02 1.6E-02 9.9E-02 
3 3.3E-02 3.lE-02 1.0E-01 
1 
Horizontal flux (m3/m2d) between one-meter piezometers 8/21/99 
1 3 5 7 9 
16 
15 5.4E-02 6.0E-02 5.9E-02 
14 7.2E-01 5.7E-02 4.5E-02 
13 4.5E-Ol 5.0E-02 4.5E-01 
12 1.6E-01 1.0E+OO 3.7E-Ol 
11 7.2E-02 1. lE-01 1.8E-01 
1.0 m 10 8.4E-02 9.lE-02 6.3E-02 
9 3.2E-02 1.0E-01 8.lE-02 
8 1.7E+OO 4.6E-01 8.7E-01 
7 1.4E-01 5.5E-02 6.9E-01 
6 1.4E-01 9.8E-02 5.9E-01 
5 9.3E-02 7.7E-02 7.9E-01 
3 4.lE-02 1.6E-02 2.6E-01 
1 
APPENDIXX 
DEPTH TO SAND 
121 
Depth (m) to the top of the sand at the site 
1 2 3 4 5 6 7 8 9 








10 0.6 0.8 0.9 
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